Surface-assisted polymerization of molecular monomers into extended chains can be used as the seed of graphene nanoribbon (GNR) formation, resulting from a subsequent cyclo-dehydrogenation process. By means of valence-band photoemission and ab-initio density-functional theory (DFT) calculations, we investigate the evolution of molecular states from monomer 10,10'-dibromo-9,9'bianthracene (DBBA) precursors to polyanthryl polymers, and eventually to GNRs, as driven by the Au(110) surface.
Introduction
Molecular monomers with defined size, shape, and chemical functionality can be promising and versatile building blocks to produce nanostructured systems with atomic precision through a bottom-up approach.
1,2 Whereas the characteristic length and shape of the nanosystems are determined by the size and geometry of the starting units, specific functions can be independently encoded in assembling the building blocks. Recently, this approach has been exploited to build up graphene nanostructures. 3, 4 Among these, graphene nanoribbons (GNRs) are on the spotlight of the current research due to their semiconducting properties and promising applications, ranging from spintronics 5, 6 to nano-and opto-electronics.
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One of the most used molecular precursor to achieve subnanometer-wide GNRs is 10,10'-dibromo-9,9'bianthracene (DBBA). 3 Depending on both the metal substrate and the deposition temperature, different intermediate species are formed, which can precede or block the GNR formation.
In particular, the choice of surfaces more reactive than Au(111), such as copper substrates or Au(110), can be used to control the molecule-surface interaction, thereby affecting the GNR growth. [14] [15] [16] [17] [18] [19] For instance, the Au(110) surface, often used to obtain aligned molecular layers, [20] [21] [22] gives rise to different intermediate species depending on the substrate temperature during DBBA adsorption.
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Whilst the properties of the GNRs have been thoroughly investigated, 17, 18, [23] [24] [25] [26] [27] the evolution of the molecular states from the monomer precursors to the polymerized chains has received much less attention. 15, 18, 19, 28 However, a detailed knowledge of these preliminary phases of the growth can better unveil the precursor-substrate interaction and the delicate interplay of the parameters influencing the formation of long-range ordered GNRs on metal substrates.
In this paper, we present a combined experimental and theoretical study of the electronic structure of the DBBA molecular precursors and of the intermediate species formed after the dehalogenation and dehydrogenation processes on Au(110), following two recently-reported procedures leading to GNR formation.
The DFT electronic structure of the isolated DBBA is compared with valence-band photoemission data for the adsorbed thin film, and taken as a reference. This allows us to spectroscopically evidence the presence of C-Au bonds at the molecular edges when a DBBA single-layer is deposited at 300 K, which is suggested as a critical feature to accomplish the polymerization procedure. Moreover, our findings demonstrate an interaction of the GNRs (and other intermediate flat molecules) with the metal surface that is stronger than that found for both DBBA and polymer precursors. The latter indeed show molecular-like states, independent of the orientation on Au, at variance with GNRs.
Results and Discussion

DBBA molecular states
The evolution of the valence electronic states of DBBA deposited on Au(110) was inspected by photoemission spectroscopy at increasing molecular density, from sub-monolayer coverage up to the formation of a thin film (TF) of about 10 layers (see Methods), as shown in Fig. 1 .
As reported in Fig. 1b , the work function (φ) decreases for increasing DBBA coverage, until it reaches a minimum value of 4.57 eV at the completion of the single-layer (SL). By further increasing the coverage, the work function increases again and finally reaches a saturation value of 4.87 eV, corresponding to the work function of a DBBA-TF on Au(110).
The photoemission intensity excited by He-I photons and acquired at increasing DBBA coverages, is shown in Fig. 1c . As the coverage increases, the Au surface states are quenched and the molecular states become more and more intense, until they dominate the spectrum for the DBBA-TF. For the latter, six non-dispersive molecular peaks (P1-P6) can be identified between the Fermi level (E F ) and 5 eV binding energy (BE), as shown in Fig. 2a .
The spectral features in this energy range are expected to be dominated by the π-states of the conjugated molecule, while σ-states lie at larger binding energies, in agreement with the existing literature on analogous aromatic molecules. as compared to He-II (40.814 eV). The spectra acquired with He-I and He-II radiation were normalized to the intensity of the P2 peak (see Fig. 2a ), which is predicted by DFT to be fully localized on the C aromatic rings (see Fig. 2b -c, and description below). This procedure removes cross-section differences of the C 2p atomic levels while highlighting those due to Br atoms, thus allowing the identification of Br contribution to the different molecular peaks. We find that the peaks from P1 to P4 have a dominant π character, even though a small Br 4p contribution can be associated with P1 (superposition of HOMO and HOMO-1, according to DFT calculations, see Fig. 2b-c In order to support the analysis based on UPS data, we have computed by DFT the density of states (DOS) and the molecular orbitals for the isolated DBBA molecule, which are shown in Fig. 2b -c. The DBBA ionization potential (IP) was computed by using the ∆-SCF procedure (i.e. as the difference of the ground state energy of the neutral and the cationic species), which is expected to provide very good estimates of the vertical ionization energies (IE). 38, 39 The results obtained by using several exchange and correlation functionals are summarized in Table 1 . Already at the LDA level, the IP from ∆-SCF (6.9 eV) compares fairly well with the UPS data for the DBBA-TF, which gives an IP value of 6.57 eV (see Tab. 1 and Fig. 2 ). Note that the difference of ∼0.3 eV found here between theory and experiment is not likely to be totally ascribed to the theory accuracy. In fact, the IP value (calculated or measured) for gas-phase molecules should be compared with caution to that found for a corresponding TF, the latter being usually smaller due to solid state effects (screening, surface polarization, intermolecular interaction). Taking pentacene as an example, previous experimental and theoretical results show a residual energy shift between TF and gas-phase IP's as large as 0.55 eV. 34, [40] [41] [42] Instead, the agreement of the pentacene gas-phase IP from UPS (6.4-6.6 eV from Refs. 34, 40, 41, 43, 44 ) and the IP computed using the ∆-SCF method (6.40 eV, computed here for isolated pentacene at the LDA level) is remarkable.
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Concerning DBBA, very similar values to those obtained by ∆-SCF are found by using the Slater's-1/2 approach 45 (i.e. HOMO and LUMO energies are computed as eigenvalues at half-occupation), which gives a value of 6.88 eV for the IP, and allows us to compute also the electron affinity (EA = 1.61 eV), as shown in the energy level diagram of Fig. 3a . On the contrary, much larger errors than for ∆-SCF or Slater's-1/2 are found when estimating the IP directly from the HOMO eigenvalues, as shown in Tab. 1. The discrepancy between total energy differences and eigenvalues, i.e. the failure of the Koopmans' condition, 38, 39 has been recently used to construct functional corrections aiming at piece-wise linearity.
39,46
In this regard, hybrid functionals perform better than LDA and GGA, the best case being that of CAM-B3LYP, with only a 0.3 eV difference between ∆-SCF and HOMO energies. The molecular level distribution resulting from the above analysis constitutes a useful reference to understand the evolution of the electronic states occurring in a DBBA-SL adsorbed on Au(110). To summarize our findings and make the comparison easier, we report in Fig. 3 the energy level diagrams resulting from UPS data for both the DBBA-TF (as compared to DFT-LDA calculations for gas-phase DBBA) and the DBBA-SL deposited on Au(110) at RT, which is further discussed below. 
DBBA and polyanthryl on Au(110)
The adsorption of a DBBA-SL on a Au(110) surface at RT is the first step of a thermally activated process leading to dehalogenation, molecular polymerization and, eventually, to the synthesis of GNRs via cyclo-dehydrogenation. 19 The evolution of the molecular states of a DBBA-SL is analyzed by means of photoemission spectroscopy in the low BE region close to the Fermi level (see Fig. 4 ). In the two panels we plot the UPS signal corresponding to (a) DBBA-SL as deposited at RT and (b) after annealing at 400 K for 10 min. Background-subtracted spectra are displayed in the top insets. For the DBBA-SL deposited at RT (top inset of Fig. 4a ), we can identify the Au(110) surface state at 1.83 eV BE 47 (purple curve in the inset), being strongly reduced in intensity with respect to clean Au (S peak in Fig. 1c) , as well as a slightly increased spectral density in the lower BE region (0-2 eV). In particular, we observe two main features in this range, one at 1.55 eV and the second at 1.15 eV. The peak at 1.55 eV BE (magenta curve) can be assigned to the HOMO state of the DBBA molecules on Au(110), which is found at slightly lower BE than the HOMO measured for the condensed DBBA-TF (1.70 eV BE).
The energy lowering of molecular states in the vicinity of a metal surface can be explained by the photo-hole screening due to the metal, 48 as also observed for other aromatic molecules adsorbed on Au(110). 41, 49, 50 The second feature at 1.15 eV BE (pink curve) can instead be associated with the presence of substrate-induced dehalogenated DBBA (i.e. bianthracene, BA), with Br-cleaved C atoms interacting with the Au surface to saturate their bonds. As previously shown by XPS spectroscopy, 19 most of the DBBA molecules absorb intact on the Au(110) surface at RT. However, a sensible fraction of them is already dehalogenated at RT, as confirmed by the appearance of a broad C-1s component at low BE in the XPS spectra. 19 The presence of C-metal bonds have been previously reported for unsaturated adsorbates in similar systems. and their density is lower, due to the reduced molecular mobility on the corrugated Au(110) surface.
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As compared to DBBA-SL at RT, the UPS spectrum after annealing (Fig. 4b) • with respect to the channels, see discussion above and Ref. 19 ). The two configurations do not lead to any significant change in the DOS, indicating a similar, weak interaction with the Au surface in both cases. This is also confirmed by the similarity with the DOS of free-standing PA (grey area, aligned • with respect to the same rows (red diamonds) and projected on dehalogenated bi-anthracene (yellow squares). The DOS of free standing PA is also reported as a reference (grey shaded area) and its band structure is shown in Fig. S2 Comparing the DOS for PA and BA, we find that the peak corresponding to the PA HOMO, located at -0.9 eV, splits into two contributions of about the same intensity in the case of BA, now located at -1.0 and -0.5 eV. The DOS projected on the different C atoms (see Supporting Information) shows that the main contribution to the new peak at -0.5 eV is from the two carbon atoms bound to the Au surface rows (halogenated in the intact molecule). A similar effect is expected for oligo-anthryl units, where unsaturated bonds are also present. This is however not included in our calculations, since PA is simulated as an extended, periodic system.
To conclude, the theoretical DOS predicts: (i) the appearance of a state that can be associated with the interaction of BA molecules with the underlying metal atoms, favored by the adsorption geometry (±20
• with respect to Au[001] direction); (ii) an almost sizeindependent HOMO for the PA oligomers, which are also (iii) weakly interacting with the underlying Au substrate, as demonstrated for extended PA. All of this appears to be in very good agreement with experimental observations from UPS.
GNRs on Au(110)
Different chemical paths have been identified 19 to achieve sub-nanometer wide GNRs on Au(110). In the first synthetic route, after PA chains have been formed at 400 K, further annealing at 700 K spurs the dehydrogenation process and the related flattening of the C network towards the formation of short GNR strands, oriented as the original PA chains. The rows. This allows us to investigate the effect of the GNR orientation on the interface electronic structure. In Fig. 6 we present the DOS projected on the GNR for the three cases.
The DOS of a free-standing GNR is shown as a reference, by aligning it to configuration (iii), which is the one observed experimentally.
When comparing to PA (Fig. 5) , the DOS of GNRs appears broadened and less sharp, in agreement with photoemission results reported in the supporting information, indicating a dispersion of the bands (clearly visible in the bottom panels of Fig. 6 ). This is already the case when considering the corresponding free-standing systems and reflects the fact that full π-conjugation is established in the flat GNR, contrary to what happens for PA.
Moreover, also at variance with PA, the DOS for different GNR configurations on Au (110) are significantly different, and distinct from the DOS computed for the free-standing GNR.
This indicates a stronger effect of the underlying substrate, that can be ultimately attributed to the flat structure of the molecules.
The DOS computed for the rotated GNR bridging the Au rows on Au(110) 1×2 is the closest to the free-standing case, which agrees with the fact that the average distance to the surface is larger, and therefore the GNR-Au interaction weaker than for the other two configurations. Instead, the GNRs adsorbed along the 1×2 Au channels show a nonnegligible hybridization with the Au states around the Fermi energy that is not present in the case of the rotated GNR. Similarly, the GNRs aligned along the 1×4 channels show some hybridization-related features at about 0.5 eV below the Fermi level (together with an overall shift with respect to the Fermi energy, as compared to the other two cases). This is a consequence of the fact that GNRs aligned along the channels bridge two rows of prominent Au atoms all along their length.
Conclusions
The electronic structure of different phases of DBBA deposited on Au(110) has been followed by means of photoemission spectroscopy and ab-initio DFT calculations, allowing us to determine the alignment of molecular energy levels at the hybrid interface during the reactions steps leading to DBBA polymerization and, eventually, GNR formation.
Comparing UPS data for DBBA deposited on Au(110) at room temperature (thin film) and DFT calculations, it is possible to identify the contribution of C and Br to the different molecular peaks, confirming the presence of pristine molecules on the surface. The ionization energy computed for the DBBA HOMO in gas phase (6.9 eV) is in very good agreement with the value measured for the thin film (6.57 eV). Concerning the DBBA/Au interface, the dehalogenation of the molecules gives rise to the formation of C-Au bonds, which leads to a redistribution of the spectral density close to the Fermi level. This is seen already in the RT UPS spectra as a peak at 1.15 eV below the Fermi energy, which persists after the annealing at 400 K. Consistently, similar features are found in the computed density of states, as a splitting of the HOMO DBBA states when the C-Au bond is formed. This scenario supports the idea that unsaturated carbon bonds at the molecular edges may play an important role in the reactivity with the metal and hence in the reaction steps leading to graphene nanostructures.
The electronic structure computed for polyanthryl adsorbed on Au does not differ significantly from that of the free-standing polymer. On the contrary, the GNR band structure is more sensitive to the presence of the substrate, showing clear differences in the valence spectral density close to the Fermi level when changing orientation and surface reconstruction, a sign of a stronger interaction with Au than in the case of polyanthryl. Ultimately, such a stronger interaction can be ascribed to the flat structure of the GNRs that, besides leading to larger dispersion in the GNR DOS, also triggers an adsorption geometry characterized by shorter distances with the metal substrate.
Methods Experimental methods
Experiments were performed in a ultra-high-vacuum ( DBBA molecules (commercially purchased from Richest Group Ltd) were degassed in UHV for several hours at 400 K, and then sublimated by means of a home-made resistively heated quartz crucible at 420 K and 10 −9 mbar. A quartz crystal microbalance (QCM) was used to calibrate the molecular coverage, determined by multiplying the deposition rate measured by the QCM and the deposition time. The coverage relative error on this nominal calibration (correct under the assumption of a constant sticking coefficient and no material desorption) has been estimated to be 15 % by comparing different sets of experiments. In the case of deposition on a Au(110) kept at 300 K, we define the nominal single-layer coverage as the point where the work function reaches its minimum value when plotted against coverage (see Fig. 1b ). We point out that this is an upper limit because the molecules may have a conformational dipole and hence the work function is expected to slightly decrease after the single layer (SL) completion. An estimation of the coverage of the thin film can be obtained by considering the attenuation of the measured photoelectron intensity of the Fermi edge prior and after molecular deposition. 63 The coverage is estimated to be higher than ten layers, by considering an electron mean free path of 10Å 64 and a nominal thickness for the SL of 3Å. This is valid under the assumption of a layer-by-layer growth and the accuracy of the value is limited by the uncertainties in the electron mean free paths in organic layers, 65 and by the definition of the thickness for the SL. 
Computational details
Molecules. Density functional theory (DFT) calculations for isolated molecules and oligomers were performed by using the ORCA package, 67 with the aug-cc-pVTZ 68 basis set (unless differently specified). Calculations were done by using standard LDA (SVWN5) using a plane waves basis set and pseudo-potentials. We find an overall agreement on the eigenvalues within 0.05 eV, which allows for a consistent comparison with data calculated for extended systems, as described below.
Extended systems. Periodic plane-wave calculations for polyanthryl (PA) and GNR on Au(110) were carried out using the Quantum-ESPRESSO package. The local density approximation (LDA, Perdew-Zunger parametrization 81 ) was adopted for the exchange-correlation potential, and ultrasoft pseudo-potentials were used to model the electron-ion interaction.
The kinetic energy cutoff for the wave functions (charge density) was set to 25 (300) Ry.
The surfaces were modelled using a 9-layers slab of Au (110) for the 1×2 and the 1×4 reconstructions; symmetric slabs were chosen in order to avoid unphysical dipole moments across the system. In order to accommodate two primitive cells of N7 GNR, an orthogonal 4 × 3 √ 2 surface cell of Au(110) was employed. The Brillouin zone was sampled by using a 4×8×1 k-points grid both for the 1×2 and the 1×4 reconstruction. A vacuum region of 12Å was added in the direction perpendicular to the slab to avoid spurious interactions with the system replicas. The in-plane lattice parameter was set to the LDA optimized parameter for bulk Au (4.05Å). The atomic positions within the cell were fully optimized with a force threshold of 0.013 eV/Å. With this choice for the lattice parameter, the GNR presents a residual 1% stretching along the main axis, as compared to its free-standing optimized geometry. Further details can be found in Ref. This material is available free of charge at http://pubs.acs.org/.
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